Congenital heart defects comprise the most common form of major birth defects, affecting 0.7% of all newborn infants. Jacobsen syndrome (11q-) is a rare chromosomal disorder caused by deletions in distal 11q. We have previously determined that a wide spectrum of the most common congenital heart defects occur in 11q-, including an unprecedented high frequency of hypoplastic left heart syndrome (HLHS). We identified an 7 Mb 'cardiac critical region' in distal 11q that contains a putative causative gene(s) for congenital heart disease. In this study, we utilized chromosomal microarray mapping to characterize three patients with 11q-and congenital heart defects that carry interstitial deletions overlapping the 7 Mb cardiac critical region. We propose that this 1.2 Mb region of overlap harbors a gene(s) that causes at least a subset of the congenital heart defects that occur in 11q-. We demonstrate that one gene in this region, ETS-1 (a member of the ETS family of transcription factors), is expressed in the endocardium and neural crest during early mouse heart development. Gene-targeted deletion of ETS-1 in mice in a C57/B6 background causes, with high penetrance, large membranous ventricular septal defects and a bifid cardiac apex, and less frequently a non-apex-forming left ventricle (one of the hallmarks of HLHS). Our results implicate an important role for the ETS-1 transcription factor in mammalian heart development and should provide important insights into some of the most common forms of congenital heart disease.
INTRODUCTION
The 11q terminal deletion disorder (11q-), OMIM 147791, is a rare chromosomal disorder caused by deletions in distal 11q (1 -4) . Deletion sizes vary in size from 5 to 16 Mb. Most of the deletions that have been characterized in 11q-patients using molecular methods are terminal, extending to the telomere. We previously performed a prospective genotype/ phenotype study on 110 11q-patients with terminal 11q deletions. We defined 'critical regions' for 14 clinical phenotypes, consistent with a contiguous gene model for the constellation of clinical problems that occur in 11q- (4) .
Fifty-six percent of 11q-patients has clinically significant congenital heart defects ( Table 1 ) that require medical and/ or surgical intervention, and there is no correlation between deletion size and the presence, or type, of congenital heart defect. Of the 56% of patients with congenital heart disease, two-thirds have cardiac flow defects, which are defined specifically as ventricular septal defects (40% of 11q-patients with congenital heart disease) and left-sided obstructive lesions, all of which are caused by decreased blood flow through the heart during development. Remarkably, we found that hypoplastic left heart syndrome (HLHS), the most severe cardiac flow defect, occurs in 5 -10% of all 11q-patients, higher than for any other known chromosomal disorder. In addition to cardiac flow defects, defects affecting most of the other structures of the heart also occur in 11q-patients. Hence, understanding the genetic basis of the congenital heart defects in 11q-could provide insight into the pathogenesis of many of the most common and severe forms of congenital heart disease.
In this study, we refine the cardiac critical region in distal 11q based on a region of overlap between patients with terminal and, more recently identified, interstitial deletions in distal 11q. The smallest region of overlap for HLHS is 1.2 Mb and contains only six annotated genes. We identify one gene in this region, ETS-1, as a candidate gene for causing congenital heart defects in 11q-.
ETS-1 is a member of the ETS family of transcription factors. This family of transcription factors, including ETS-1, has important roles in a wide range of biological functions, including the regulation of cellular growth and differentiation as well as in organ development, hematopoeisis (5-7), lymphocyte development (8 -14) , vascular development and angiogenesis (15) , and in the regulation of vascular inflammation and remodeling (16) . Although neonatal lethality, of an unknown etiology, has been described (9), none of these studies included comprehensive cardiac phenotyping to determine whether the loss of ETS-1 causes structural heart defects.
Recent studies have implicated an important role for ETS-1 in heart development in non-mammalian species, including chordates, fruitflies and chicks (17 -19) . For example, Davidson et al. (17) have demonstrated that the inhibition of the ortholog of ETS-1 in the chordate Ciona intestinalis is essential for heart development, and that the ectopic expression in a skeletal muscle progenitor cell gives rise to an ectopically located beating cardiac chamber.
The role of ETS-1 in mammalian heart development, and in the causation of human congenital heart defects, is unknown.
We demonstrate that deletion of ETS-1 in mice recapitulates some of the most common congenital heart defects in 11q-, including membranous ventricular septal defects and impaired ventricular development. The results of these studies implicate a critical role for ETS-1 during mammalian heart development and in the pathogenesis of some forms of human congenital heart disease.
RESULTS

Deletion mapping and refinement of the cardiac critical region
Initial karyotype analysis identified the presence of deletions in distal 11q in over 150 previously identified patients that were subsequently selected to undergo higher resolution mapping by either FISH (4) or chromosomal microarray mapping (CMM). One patient (JS22) with HLHS had the smallest terminal deletion of any of the patients from our original cohort of 110 patients (7 Mb), originally mapped by FISH. Three patients with congenital heart defects had interstitial deletions in distal 11q, originally detected by the karyotype analysis: double outlet right ventricle (JS2), HLHS (JS4) and an atrial septal defect (JS14). The results of the CMM mapping are shown in Figure 1 and Table 2 . The smallest terminal deletion was 7 Mb. The patients with interstitial deletions overlapped the 7 Mb terminal region by 3.2 Mb (JS2), 1.2 Mb (JS4) and 0.8 Mb (JS22). Consequently, the refined HLHS critical region is 1.2 Mb. As shown in Figure 1 , this region contains only six annotated genes: ETS-1, FLI-1, KCNJ1, KCNJ5, P53AIP1 and RICS. Five of these genes (ETS-1, FLI-1, KCNJ-1, KCNJ5 and RICS) have been deleted in the mouse and, in addition to ETS-1, none of them are reported to have structural heart defects (9,20 -24) . We also performed mutation analysis by direct DNA sequencing of the P53AIP1 gene in 200 patients with isolated HLHS, and no disease-causing DNA sequence changes were identified (data not shown), suggesting that the mutations in p53AIP1 do not cause congenital heart defects (an analysis for microdeletions spanning p53AIP1 was not performed). The smallest region of overlap for any kind of congenital heart defect contains only two of these genes, ETS-1 and FLI-1. Initially, we analyzed FLI-1 mutant mice, including ED10.5 -12.5 hearts from a FLI-1 null mutant strain and neonatal hearts from a hypophorphic FLI-1 mutant strain, both in a C57/B6 pure background (kindly provided by Dr Dennis Watson, MUSC). No structural heart defects were detected (data not shown). Because of the absence of heart defects in FLI-1 mutant mice, combined with the known roles of ETS-1 in cardiovascular development, we propose ETS-1 as a candidate gene for causing at least a subset of the heart defects in 11q-.
Expression of ETS-1 during murine heart development
To determine the pattern of expression of ETS-1 in the developing mouse heart, in situ hybridization was performed in combination with immunohistochemistry and immunofluorescence using a PECAM (CD31, an endothelial marker) antibody, and analysis of Wnt1-Cre; ROSA26 LacZ mice (a neural crest cell indicator strain). As shown in Figure 2A -J, ETS-1 expression is first detected in the endothelial tissue lining the primitive heart tube in ED8 embryos, and is localized to the endocardium of the atrium and ventricle in ED8.75 hearts. The expression of ETS-1 in the endothelium was confirmed by comparison to that of PECAM.
As shown in Figure 3A , ETS-1 is expressed robustly throughout the vascular endothelium by ED9.5, consistent with the results published by Maroulakous et al. (25) . ETS-1 expression was also detected in the endothelium of the atrium, atrioventricular canal, ventricles and outflow tract ( Fig. 3B-F ). In addition, ETS-1 expression was detected in the neural crest by comparing the expression pattern to Wnt1-Cre; ROSA26 LacZ mice (26) (Fig. 3G -I ). By ED13.5, ETS-1 expression was detected in the region of the developing membranous septum (Fig. 4A ) as well as in the endocardium lining the myocardial trabeculations ( Fig. 4B and C).
Expression of ETS-1 in cultured neural crest cells derived from ED8.5 neural crest explanted tissue
To confirm expression of ETS-1 in neural crest cells, immunofluorescence studies were performed using ETS-1 and SOX-10 antibodies (as a marker for neural crest) on neural crest cells cultured from neural crest explants derived from ED8.5 embryos. As shown in Figure 3J -M, there was robust and specific expression of ETS-1 in the nucleus of ED8.5 neural crest cells, confirming the immunohistochemistry results.
Cardiac phenotyping of ETS-1-deleted mice
Histopathologic analysis was performed on a total of 48 ED15.5-17.5 mice derived from five litters. The results are shown in Table 3 and Figure 5 . All nine homozygous ETS-1 deletion mice had large membranous ventricular septal defects ( Fig. 5D and F) . Six of these had an abnormalappearing left ventricular morphology, characterized by a bifid cardiac apex, and two of these had a non-apex-forming left ventricle (Fig. 5F ). The remainder of the cardiac anatomy, including the valves, aorta and venous structures was normal. One heterozygous mouse had a small ventricular septal defect. The hearts from all 16 wild-type embryos had normal structure. The number of homozygous ETS-1 null embryos that we identified is less than predicted for Mendelian inheritance, suggestive of embryonic lethality and the possibility of a more severe cardiac phenotype that we would not have identified. This is most likely due to the relatively small number of embryos that we analyzed, given that previous studies of ETS-1 knockout mice have not described embryonic lethality (8 -14,16 ).
DISCUSSION
We have previously performed a comprehensive genotype/ phenotype analysis on 110 patients with 11q-(Jacobsen syndrome). We determined that many of the most common congenital heart defects that occur in the general population occur in 11q-. Fifty-six percent of 11q-patients had congenital heart disease, and there was no correlation between the size of deletion and the presence of, or type of, congenital heart defect. In that study, we defined a 7 Mb cardiac 'critical region' that contains a putative disease-causing gene(s) for congenital heart defects. This region contains over 40 annotated genes.
In the present study, we performed high resolution chromosomal micoarray mapping on three recently identified patients with the 11q-clinical phenotype, including congenital heart defects, that have interstitial deletions overlapping the previously defined 7 Mb cardiac critical region. Based on our human genetics data, previous functional studies and the absence of heart defects in FLI-1 mutant mice, we propose ETS-1 as a candidate gene for causing at least a subset of the congenital heart defects that occur in 11q-.
Recently, Tyson et al. (27) proposed a potential 1.57 Mb cardiac critical region in distal 11q that is telomeric to ETS-1 and FLI-1. This hypothesis was based on two patients with interstitial deletions in distal 11q that did not have congenital heart disease, but overlapped the interstitial deletion of a Figure 1 . Refined critical region in distal 11q. The new region is defined by the region of overlap between the previously defined 7 Mb terminal deletion (JS22), and that of the three patients with congenital heart defects with interstitial deletions in distal 11q. 
patient with double outlet right ventricle that we described previously (JS2) (28) . Given the incomplete penetrance for congenital heart disease in 11q-, we propose that only deletions from patients with congenital heart defects should define the cardiac critical region, as we describe in the present study. In addition, Bernaciak et al. (29) recently described four patients with some features of 11q-that have the smallest 11q terminal deletion reported to date, 5 Mb. These deletions overlapped the critical region proposed by Tyson et al. None of these patients had congenital heart defects, consistent with our model for a more centromeric location for the cardiac critical region. Our refined cardiac critical region also does not contain JAM-3, a gene proposed previously as a candidate gene for causing heart defects in 11q- (30) . Consistent with this, we have recently demonstrated that JAM-C knockout mice do not have structural heart defects (31). Phenotypic analysis of gene-targeted ETS-1 knockout mice demonstrated that deletion of ETS-1 in a pure C57/B6 background caused, with high penetrance, large membranous ventricular septal defects and frequently an abnormal-appearing ventricular morphology characterized by a bifid apex. Early expression of ETS-1 in the developing mouse heart: ED8 in situ hybridization showing whole mount (A and B), coronal section and staining of endothelium using PECAM (CD31) antibody (C and D). ED8.75 in situ hybridization showing whole mount (E and F), coronal section (G), PECAM staining (H) and negative control for in situ using an ETS-1 sense probe (I and J). NF, neural fold; HT, heart tube; EC, endocardial cell; NT, neural tube; H, heart; BA1, first branchial arch; RA, right side of common atrium; LA, left side of common atrium; V, ventricle. 
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The appearance of a bifid apex in the ETS-1 null mice has been described previously as a normal transient finding during early murine and human heart development. However, persistence of a bifid apex through later stages of heart development is indicative of an arrest of normal ventricular development (32, 33) . In addition, a subset of the ETS-1 null mice (2/9) had a non-apex-forming left ventricle, one of the hallmarks of HLHS, although the other structures usually affected in HLHS were normal. Taken together, these results implicate a role for ETS-1 in ventricular development. The presence of a cardiac phenotype was dependent on the genetic background, paralleling what occurs in 11q-patients. High et al. (34) have demonstrated that impaired differentiation of the neural crest during cardiac development in mice causes ventricular septal defects. Consistent with this model, our studies indicate that ETS-1 is expressed in the neural crest, and suggest that the loss of ETS-1 in the neural crest causes ventricular septal defects. In further support of a role for ETS-1 in the neural crest during development, we have observed hypopigmentation in the fur of ETS-1 heterozygotes (Supplementary Material, Fig. S1 ). This is similar to what has been described in mice carrying the splotch mutation of PAX-3, a gene that is essential for neural crest function during development (35) .
The role of ETS-1 in the endocardium during heart development is unclear. Because ETS-1 expression was not detected in the myocardium, one possibility is that ETS-1 is required in the endocardium for normal myocardial development through a non-cell autonomous mechanism. Alternatively, it is possible that the loss of ETS-1 in the vascular endothelium causes congenital heart defects secondary to impaired hemodynamics during heart development.
In summary, our studies implicate an important role for ETS-1 in human heart development and in the etiology of some of the most common congenital heart defects. Future studies will be aimed at defining the genetic pathways and developmental lineages involving ETS-1 in normal heart development, and how decreased ETS-1 function causes human congenital heart defects.
MATERIALS AND METHODS
Patient recruitment
Patients were identified through the 11q Research and Resource group (www.11qusa.org) as well as through physician referrals. Studies were performed in compliance with a UCSD Institutional Review Board-approved protocol. Patients JS4 and JS2 have been described previously (4).
Chromosomal microarray mapping (CMM)
High resolution mapping of the deletion breakpoints was performed using the Affymetrix 500K SNP platform, as described previously (37) using total genomic isolated DNA isolated from fresh whole blood. The Affymetrix Human Mapping 500 K SNP array set consists of two arrays: the 250 K Nsp array and the 250 K Sty array. These assays were performed by the University of Colorado Cancer Center microarray core facility following the protocol developed by the manufacturer. In short, 250 ng of genomic DNA is digested with 10 units of NspI or StyI (New England Biolabs, Beverly, MA, USA) for 2 h at 378C. Specific adaptors are ligated onto the digested ends with T4 DNA Ligase for 2 h at 168C. After dilution with water, samples were subjected to PCR using primers specific to the adaptor sequence with the following amplification parameters: 958C for 3 min (initial denaturation), 958C for 20 s, 598C for 15 s, 728C for 15 s for a total of 35 cycles, followed by 728C for 7 min (final extension). PCR products were purified and fragmented using 0.24 units of DNase I at 378C for 30 min. The fragmented DNA was subsequently end-labeled with biotin using 100 units of terminal deoxynucleotidyl transferase at 378C for 2 h. Labeled DNA was then hybridized onto the corresponding 250 K Mapping Array at 488C for 16-18 h at 60 rpm. The hybridized array was washed, stained and scanned according to the manufacturer's instructions. Identification of genomic segments with altered copy number data was performed using hidden Markov models (HMM), as implemented in the software package CNAT4.0 (Affymetrix, Santa Clara, CA, USA).
Regions of chromosome 11 that were identified as monosomic were validated using the SNP array genotype data. Whereas the genome-wide heterozygosity rate was 27-28%, heterozygous calls were less common in the monosomic segments (7 -9%). Genomic segments exhibiting loss of heterozygosity (LOH) were identified using HMM, and these regions were identical to the monosomic segments. These results were compiled and examined in genomic context (NCBI Build 36.1) using the UCSC genome browser.
In situ hybridization
In situ hybridization using the whole mount embryos was performed as described previously (38) . Embryos were hybridized with digoxigenin-labeled RNA probes. Hybridization was detected with anti-digoxigenin antibody coupled to alkaline phosphatase. The probes used were: forward: 5 0 -CGG CCG TCG ATC TCA AGC CGA CTC; reverse: 3 0 -CTG CCA CAG CTG GAT CGG CCC AC.
Neural crest cultures
Neural crest cell cultures were isolated as described (38) . Briefly, embryos were collected at E8.5 (4 to 10 somites). The portion of neural tube between the otic placode and the third somite was microdissected out, transected and cultured in fibronectin-coated 2-well slide chambers (NUNC, System) containing high-glucose DME and 10% fetal bovine serum. Cultures were maintained for 48 h at 378C with 5% CO 2 , and then neural tube explant was removed and discarded. Neural crest cell outgrowths attached to the culture were used for immunofluorescence studies.
Immunofluorescence studies
Immunofluorescence staining was performed as described (38) . Briefly, 8 mm cryo-sections were incubated with primary antibodies overnight at 48C. The following primary antibodies were used: PECAM (1:100; Vector laboratories, VP-C344), ETS-1 (1:100; Santa Cruz Biotechnology, sc-350), Sox10 (gift of M. Wegner). After washing with 0.25% TritonX-100 in PBS, sections were incubated with biotinylated secondary (Vector) antibodies for 2 h.
Whole mount PECAM immunohistochemistry staining was performed as described previously (38) . A 1:100 dilution of rat antibodies against mouse PECAM (Vector laboratories) in PBS, 1.5% milk and 0.2% triton-100 and a 1:500 dilution of HRP-conjugated affinity purified goat anti-rat IgG antibodies (ZYMED Laboratories) was used for this assay. Color reaction was revealed by peroxidase substrate DAB kit (DAKO). After PECAM staining, hearts or embryos were photographed and analyzed. Some samples were paraffin embedded and sectioned. Sectioned samples were dewaxed, rehydrated and mounted.
Characterization of ETS-1 mutant mice
As previously reported, the gene encoding the ETS-1 transcription factor was targeted by replacement of exon 3 and part of exon 4 with a neomycin cassette (10, 11) . This allele was originally described as a null allele. We subsequently demonstrated that there is splicing around the neomycin cassette to join exon 2 to exon 5 (12) . Because exons 2 and 5 are in the same reading frame, the resulting mRNA is translated into a protein product that lacks sequences encoded by exons 3 and 4. Indeed, a small amount (approximately 1 -2% of endogenous levels) of an internally deleted ETS-1 protein is detected in thymocyte extracts from mutant mice. The region deleted encodes the pointed domain of ETS-1, which is involved in proteinprotein interactions with the Erk kinase and with CBP/p300. These interactions are important for maximal trans-activation of ETS-1 target genes (13, 14) . Thus, any protein product from the targeted allele is likely to be defective in its trans-activation properties and is most likely a functional null (10) . The mice were bred into a C57/B6 genetic background, backcrossed at least 10 generations.
Embryo dissection and histological analysis
Females with copulation plugs were considered to be at embryonic development day 0.5 (E0.5) of gestation. Pregnant females were euthanized at different stages of gestation, and embryos were dissected for histological analysis as described previously (38) .
LacZ staining
Wnt1-Cre; ROSA26 LacZ embryos (36) were harvested in cold PBS and fixed for 1-2 h in 4% paraformaldehyde. Embryos were subsequently incubated in beta-galactosidase substrate. For high-resolution analysis of beta-galactosidase activity, embryos were paraffin embedded and sectioned as described previously (38) .
